effector function (Gibbs and Marshall, 1989 
with GTP bound Ras2 in an effector loop-dependent synthesis of chitin, glycosylphosphatidylinositol (GPI)-anchors, and N-glycosylation of proteins ( Figure 2B ). manner, suggesting that Ras binds Eri1 or an Eri1-containing complex through its effector binding loop. Third, N-glycosylated proteins serve important functions in the vacuole, on the cell surface, and in cell cycle progression Eri1 possesses at least one transmembrane domain, which tethers it to the ER, where it interacts with Ras.
(Jones et al., 1997; Orlean, 1997). By contrast, both chitin and GPI-proteins function principally on the cell surface. However, the temperature-sensitive growth defect of eri1⌬ cells is not a characteristic associated with hyperChitin is a minor, but essential carbohydrate component of the cell wall made up of polymers of GlcNAc (Cabib, active Ras signaling, suggesting that Eri1 serves another function that is separate from its association with Ras.
1987). GPI-anchored proteins comprise the major proteinaceous component of the cell wall (Kapteyn et al., Glycosylphosphatidylinositol (GPI) is a complex glycolipid that acts as a membrane anchor for many cell 1999). UDP-GlcNAc is used in the first step in the production of GPI-anchors in the ER, which are subsesurface proteins (Kinoshita and Inoue, 2000). It is synthesized in the endoplasmic reticulum (ER) and transferred quently attached to target proteins in that compartment (Hamburger et al., 1995; Popolo and Vai, 1999) . GPIto the C termini of proteins that possess a GPI attachment signal sequence. In yeast, GPI-proteins comprise anchored proteins are transported to the cell surface where they are tethered to the plasma membrane by a major component of the cell wall (Kapteyn et al., 1999). Here, we identify Eri1 as a component of the glycosyltheir lipid anchors. In many cases, the anchors are ultimately clipped to liberate the proteins for covalent atphosphatidylinositol-N-acetylglucosaminyltransferase (GPI-GnT), an enzyme complex that catalyzes the first tachment to cell wall carbohydrates. An alternative pathway for the production of UDPstep in GPI-anchor biosynthesis (Watanabe et al., 2000) . We also demonstrate that GTP bound Ras2 associates GlcNAc is through salvage of exogenous glucosamine, which can be phosphorylated by the hexokinases. Inwith the GPI-GnT complex in an effector loop-dependent manner and inhibits its catalytic activity.
deed, gfa1 mutants are glucosamine auxotrophs (Watzele and Tanner, 1989). To confirm that GFA1 overexpression was suppressing the eri1⌬ growth defect by Results driving glucosamine-6-phosphate (and ultimately UDPGlcNAc) synthesis, we tested the ability of exogenous An eri1⌬ Mutant Displays Growth Arrest at 37؇C glucosamine to suppress the eri1⌬ growth defect at and a Cell Wall Defect at Permissive Temperatures 37ЊC. Figure 2C shows that glucosamine crystals, but Although the eri1⌬ mutant grows normally at 23ЊC, it not glucose crystals, were capable of suppression. fails to grow at 37ЊC (Sobering et al., 2003 and Figure  1A ). Because we isolated the eri1 mutant in a synthetic lethal screen with a pkc1 ts allele, we reasoned that it The eri1⌬ Mutant Hyperaccumulates Chitin might display a cell wall defect. Indeed, the growth deSuppression by GFA1 overexpression or exogenous glufect of eri1⌬ cells at elevated temperature was partially cosamine (GFA1/glucosamine) is not a general characsuppressed by addition of sorbitol to the medium for teristic of mutants with cell wall defects (A.K.S. and osmotic support ( Figure 1A ), a characteristic of mutants D.E.L., unpublished observations), suggesting that eri1⌬ with cell wall defects. Moreover, we found that eri1⌬ cells suffer a specific deficiency in a process that recells grown either to mid-log phase or to stationary quires UDP-GlcNAc. Because GFA1/glucosamine treatphase at 23ЊC are extremely sensitive to cell lysis by ment increases chitin levels in wild-type cells by increastreatment with the wall lytic enzyme zymolyase (Figure ing synthesis of UDP-GlcNAc (Bulik et al., 2003), we 1B), confirming that this mutant exhibits a cell wall deexplored the possibility that the eri1⌬ mutant was defifect. Microscopic analysis of the eri1⌬ mutant at restriccient in producing chitin. We examined the cell wall tive temperature revealed that it displays a rapid growth chitin content in the eri1⌬ mutant, and found unexpectarrest that is nonuniform with respect to the cell cycle.
edly that it was elevated 3-fold over wild-type levels (18 However, when eri1⌬ cells that had been growth arversus 6 nmol GlcNAc/mg cells). In fact, microscopic rested for 4 hr at 37ЊC were shifted to permissive temperexamination of eri1⌬ cells stained with calcoflour white, ature, most were able to recover (67% survival), indicata chitin binding fluorescent dye, revealed that they deing that eri1⌬ cells undergo a reversible growth arrest, posit large amounts of chitin in the lateral cell wall (Figure rather than cell lysis at restrictive temperature. 2D). Oddly however, this mutant deposited chitin only in the mother cell wall, apparently excluding it from the bud. We next examined the level of GFA1 expression in The eri1⌬ Mutant Growth Defect Is Suppressed by Increased UDP-GlcNAc Levels the eri1⌬ mutant using a GFA1::lacZ reporter, and found it to be similarly elevated (155 U in eri1⌬ versus 54 U in To gain an understanding of the cause of the eri1⌬ mutant growth arrest, we screened a 2 genomic yeast wild-type), suggesting that this mutant enhances chitin production by increasing the intracellular concentration library for multicopy suppressors of the growth defect at 37ЊC. Four identical plasmids with a 6.7 kb insert of UDP-GlcNAc. Some cell wall mutants (e.g., fks1, gas1) have been bearing GFA1, LAP4, and YKL102C were recovered from this screen. Deletion analysis revealed that the responsireported to hyperaccumulate chitin in the lateral cell wall (Osmond et al., 1999; Valdivieso et al., 2000) . This ble gene was GFA1 (Figure 2A ), which encodes glutamine: fructose-6-phosphate amidotransferase (Watzele is thought to be an emergency response to cell wall stress that is executed by chitin synthase 3 (Chs3). The and Tanner, 1989). Gfa1 catalyzes the production of glucosamine-6-phosphate, which is the first committed synthetic lethality of fks1 chs3⌬ mutants (Osmond et al., 1999) and severe growth defect of gas1⌬ chs3⌬ and rate-limiting step in the production of UDP-N-acetylglucosamine (UDP-GlcNAc; Orlean, 1997) for the bio- sion. One interpretation of our results is that eri1⌬ cells amine suppress the growth defect of eri1⌬ by driving chitin biosynthesis through Chs3, the eri1⌬ chs3⌬ douare deficient in some aspect of cell wall biogenesis, for which they compensate by hyperaccumulating chitin. In ble mutant should not be suppressed by these treatments. Either overexpression of GFA1 (Figure 2E ), or this case, the mechanism by which GFA1/glucosamine suppresses the eri1⌬ growth defect would be through exogenous glucosamine (data not shown) suppressed the growth defect of the double mutant without causing assisting their effort to produce chitin. To test this possibility, we deleted the normally nonessential CHS3 gene hyperaccumulation of chitin ( Figure 2D ), indicating that chitin production is not the mechanism by which inin an eri1⌬ mutant, making three predictions for the behavior of the double mutant. First, the eri1⌬ chs3⌬ creased UDP-GlcNAc synthesis suppresses the eri1⌬ growth defect. Therefore, chitin hyperaccumulation in mutant should fail to hyperaccumulate chitin. Figure 2D shows that this prediction was borne out. Second, if the eri1⌬ mutant appears to be an incidental side effect of elevated UDP-GlcNAc concentration. chitin hyperaccumulation is an important adaptive response for survival of eri1⌬ cells, the double mutant should be appreciably less healthy than the eri1⌬ mu-
The eri1⌬ cient exit of GPI proteins from the ER, these results these possibilities, we examined GPI-anchor production, the first three steps of which can be detected by suggest that GFA1/glucosamine suppresses the eri1⌬ growth defect by driving GPI-anchor production.
thin layer chromatographic separation of products labeled in vitro with UDP-[ ). Mutants in GPI1, 2, and port of GPI-anchored proteins have been described 3 behaved similarly to the eri1⌬ mutant in this assay (Sü tterlin et al., 1997). To distinguish between these defi-( Figure 4B ). However, eri1⌬ cells retained approximately ciencies, we examined GPI-anchor attachment to Gas1 2% of the wild-type level of GPI-GnT activity, whereas no in the eri1⌬ mutant. Anchor attachment, which increases activity was detected in the other mutants. The activity the hydrophobicity of target proteins, was detected by of a control ER enzyme, Dol-P-glucose synthase, was partitioning GPI-anchored proteins from unanchored normal in the same microsomes ( Figure 4C ). Therefore, proteins using the nonionic detergent, Triton X-114 (Sü twe conclude that the cell wall and growth defects of terlin et al., 1997). The pulse-chase experiment shown eri1⌬ cells result from a deficiency in GPI-GnT activity. in Figure 4A demonstrates that eri1⌬ cells are partially deficient in anchoring of Gas1, with 40% being found in the primary aqueous phase in eri1⌬ cells as compared Eri1 and GTP Bound Ras2 Associate with the GPI-GnT Complex with 16% in wild-type after a 15 min chase.
An anchoring deficiency could result either from a To determine if Eri1 resides within the yeast GPI-GnT complex, we asked if Eri1 could be found in association defect in GPI-anchor production, or a defect in the attachment of mature anchors. To distinguish between with Gpi2 in vivo. For this purpose, Gpi2 was fused at 
is a component of the ER-localized GPI-GnT comthe constitutively active Ras2
V19 is "locked" in the GTP plex. This enzyme catalyzes the first step in the biosynbound state (Gibbs and Marshall, 1989), the observed thesis of GPI-anchors for attachment to many proteins difference in association between the two forms reflects destined for the cell surface. We present evidence that the difference in bound nucleotides.
The interaction beyeast Ras signals from the ER by associating with and tween Eri1 and Ras2 requires an intact Ras effector inhibiting the activity of the GPI-GnT complex. binding loop (Sobering et al., 2003). Therefore, we tested
We isolated ERI1 through a genetic screen for mutants the effector binding loop requirement for the GTP-Ras2 that displayed both additive growth defects with a teminteraction with Gpi2. Figure 5B shows that a mutation perature-sensitive allele of PKC1, and temperature-senthat blocks Ras-effector interactions (T42A) also diminsitive growth defects by themselves (Romeo et al.
, 2002). ished the interaction between Ras2
V19 (Ras2
V19, A42
) and Because pkc1 mutants are deficient in signaling cell wall Gpi2, suggesting that GTP bound Ras2 associates with stress, and therefore construct weak cell walls (Levin the GPI-GnT complex through its effector binding loop.
and Errede, 1995), we anticipated that an eri1 mutant would also display a cell wall defect. Indeed, we found that the temperature-sensitive growth defect of an eri1⌬ A gpi1⌬ Mutant Displays Hyperactive Ras Signaling mutant is partially remedied by sorbitol provided in the medium as an osmotic stabilizer, and that this mutant Among the previously known components of the yeast GPI-GnT complex, Gpi1 is the only subunit that is not was hypersensitive to the cell wall lytic enzyme, zymolyase. However, unlike mutants in the Pkc1-regulated cell essential (Leidich and Orlean, 1996; Yan et al., 2001). Like an eri1⌬ mutant, a gpi1⌬ mutant is temperaturewall integrity-signaling pathway, eri1⌬ cells displayed a reversible growth arrest at restrictive temperature, indisensitive for growth. A gpi1⌬ mutant constructed in the EG123 strain background behaved similarly to an eri1⌬ cating that they do not undergo cell lysis. strain with respect to zymolyase sensitivity, chitin accumulation, and suppression of its growth defect by GFA1/ A Deficiency in GPI-Anchor Protein Production glucosamine (data not shown). Therefore, we asked if Is Responsible for the Growth and Cell Wall the similarities in behavior of these mutants extended
Defects of eri1⌬ Cells to the hyperactive Ras phenotypes of filamentation and
We found that elevation of the intracellular concentraagar invasion also associated with the eri1⌬ mutant. A tion of UDP-GlcNAc, either by overexpression of the diploid gpi1⌬ mutant displayed filamentation ( Figure 6A) GFA1 gene, or by addition of glucosamine to the growth and agar invasion at the semipermissive temperature medium, suppressed the eri1⌬ growth defect. Among of 26ЊC ( Figure 6B ). Similar to an eri1⌬ mutant, these the three known cellular uses for UDP-GlcNAc, eri1⌬ phenotypes were temperature-dependent and were cells were found to be specifically deficient in GPIsuppressed by deletion of RAS2 (Figures 6A and 6B; anchor production, which causes them to accumulate Sobering et al., 2003), which is required for filamentous/ unanchored GPI-proteins in the ER. Because GPI-proinvasive growth (Mosch et al., 1999) . The ras2⌬ mutation teins comprise a major component of the yeast cell wall, did not suppress the growth defect of gpi1⌬ cells at the wall defect of an eri1⌬ mutant can be explained by 30ЊC (data not shown).
a deficiency of GPI-proteins at the cell surface. Our finding that the growth defect of eri1⌬ cells is suppressed by ectopic overexpression of GFA1 even Ras2 Inhibits GPI-GnT Activity Because Ras2 associates with components of the GPIthough this mutant naturally overexpresses GFA1 may seem paradoxical. However, we propose that the eri1⌬ GnT complex, and mutants in nonessential subunits display phenotypes characteristic of hyperactive Ras sigmutant attempts to drive GPI-anchor production by increasing the intracellular concentration of UDP-GlcNAc naling, we examined the effect of Ras2 mutations on GPI-GnT activity. GPI-GnT activity was measured in mithrough induction of GFA1 expression. Suppression of the eri1⌬ growth defect by further ectopic expression crosomes prepared from wild-type, ras2⌬, or RAS2-V19 cells. Microsomes lacking Ras2 displayed greater GPIof GFA1, or by exogenous glucosamine works by assisting the mutant in its effort to increase GPI-anchor GnT activity than those with wild-type Ras2 (Figure 7A ), indicating that Ras2 activity inhibits GPI-GnT activity. production. A related paradox was the finding that although eri1⌬ Supporting this conclusion was the finding that GPIGnT activity was barely detectable in microsomes with cells are deficient in synthesizing one product of UDPGlcNAc (GPI-anchors), they hyperaccumulated another. Ras2 V19 (Figures 7A and 7B ; estimated to be less than The eri1⌬ mutant deposits large amounts of chitin in the shown to result from a defect in the first step of GPIanchor production, the biosynthesis of GlcNAc-PI from lateral wall of the mother cell. However, because we found that chitin hyperaccumulation was not important UDP-GlcNAc and PI. This glycosyl transfer reaction is catalyzed at the ER by the GPI-GnT. We propose that either for survival of eri1⌬ cells, or for suppression of their growth defect by GFA1/glucosamine, we propose suppression of the eri1⌬ growth defect by GFA1/glucosamine works by driving synthesis of GlcNAc-PI by mass that this is an unintended consequence of elevated UDP-GlcNAc synthesis, the rate-limiting step in chitin action through elevated UDP-GlcNAc concentration. Indeed, in vitro GPI-GnT activity was modestly enhanced production (Orlean, 1997). This conclusion is supported by the observation that eri1⌬ cells restrict deposition of in eri1⌬ membranes (2-fold) relative to wild-type by increased UDP-GlcNAc (16ϫ normal assay concentration; their excess chitin to the place least affected by its presence-the walls of mother cells. Because the B.C.Y., unpublished data). In yeast, at least four proteins are required for the mother cell wall is a relatively static structure as compared with the bud, we suggest that it can accept large GPI-GnT reaction (Gpi1, Gpi2, Gpi3, and Gpi15 , 2000) . A distinguishing feature of these mutants from eri1⌬ is the imwhich a biochemical function has been assigned is Gpi3, which is likely to be the catalytic subunit of the complex portance of chitin hyperaccumulation to their survival.
because it resembles members of a glycosyltransferase family and it binds a photoactivatable UDP-GlcNAc anaEri1 Is a Subunit of the Yeast GPI-GnT Complex We found that the eri1⌬ mutant is deficient in anchoring log (Kostova et al., 2000) . We demonstrated that Eri1, which localizes predomithe GPI-protein Gas1. Its anchoring deficiency was 
